Tampa Bay depends on ground water for most of the water supply. Numerous wetlands and lakes in Pasco County have been impacted by the high demand for ground water. Central Pasco County, particularly the area within the Cypress Creek well field, has been greatly affected. Probable causes for the decline in surface-water levels are well-field pumpage and a decade-long drought. Efforts are underway to increase surface-water levels by developing alternative sources of water supply, thus reducing the quantity of well-field pumpage.
Numerical ground-water flow simulations coupled with an optimization routine were used in a series of simulations to test the sensitivity of optimal pumpage to desired increases in surficial aquifer system heads in the Cypress Creek well field. The ground-water system was simulated using the central northern Tampa Bay ground-water flow model. Pumping solutions for 1987 equilibrium conditions and for a transient 6-month timeframe were determined for five test cases, each reflecting a range of desired target recovery heads at different head control sites in the surficial aquifer system. Results are presented in the form of curves relating average head recovery to total optimal pumpage. Pumping solutions are sensitive to the location of head control sites formulated in the optimization problem and as expected, total optimal pumpage decreased when desired target head increased. The distribution of optimal pumpage for individual production wells also was significantly affected by the location of head control sites.
A pumping advantage was gained for test-case formulations where hydraulic heads were maximized in cells near the production wells, in cells within the steady-state pumping center cone of depression, and in cells within the area of the well field where confining-unit leakance is the highest. More water was pumped and the ratio of head recovery per unit decrease in optimal pumpage was more than double for test cases where hydraulic heads are maximized in cells located at or near the production wells. Additionally, the ratio of head recovery per unit decrease in pumpage was about three times more for the area where confining-unit leakance is the highest than for other leakance zone areas of the well field. For many head control sites, optimal heads corresponding to optimal pumpage deviated from the desired target recovery heads. Overall, pumping solutions were constrained by the limiting recovery values, initial head conditions, and by upper boundary conditions of the ground-water flow model.
Abstract
The Tampa Bay area relies heavily on ground water for public supply. Much of the public water supply in Hillsborough, Pinellas, and Pasco Counties is from a regional system of 11 interconnected well fields operated by Tampa Bay Water (TBW) ( fig. 1 ). These well fields currently supply about 60 percent of the drinking water for the tri-county area. Current year (2001) Introduction stress. Use of these models involves simulating one strategy at a time, and from a group of related simulations, selecting the best strategy. However, simulating one strategy at a time does not guarantee an optimal or a completely effective strategy.
In 1998, TBW developed an Optimized Regional Operations Plan (OROP) for management of the 11 regional well fields (Tampa Bay Water, 1998) . The OROP utilizes an integrated hydrologic optimization model to manage 172 production wells at the 11 well fields. The management objective of the optimization model is to maximize groundwater levels at a select set of surficial aquifer system monitoring sites, called control points, while meeting projected demands. The optimization model optimizes biweekly production schedules for each of the 11 well fields (172 wells) and seeks to maximize ground-water levels at a selected set of monitoring sites (currently 32 surficial aquifer system monitoring wells). The formulation accounts for variations in future water levels for a specified forecast period, and applies preferential weighting of prevailing ground-water levels to established target levels at monitor sites (Tampa Bay Water, 1998) . The monitor wells were selected under the assumption that they would provide reasonable locations to monitor hydrologic stress due to well-field pumpage.
To facilitate the routine use of optimization techniques, the U.S. Geological Survey (USGS) in cooperation with Tampa Bay Water and the Southwest Florida Water Management District (SWFWMD), began a study in 1997 to apply these techniques to the existing central northern Tampa Bay (CNTB) area hydrologic flow model. The study included two phases:
(1) application of optimization techniques to the existing ground-water flow model of the central northern Tampa Bay area to determine parameter sensitivities and correlations and to estimate parameter values of the existing model; and, (2) development of an optimization model to test the sensitivity of optimal pumpage to increases in surficial aquifer system heads at selected sites in and around the Cypress Creek well field. Phase one was described by Yobbi (2000) and addresses the parameter estimation issue. Phase two is described in this report and addresses the management issue.
Calibration and management problems must be addressed because the relative worth of a ground-water management solution is dependent on how well the underlying ground-water flow model is calibrated. The use of one optimization tool, such as the one used in this study, eases the transition from model calibration to ground-water management and reduces the learning curve for users.
Purpose and Scope
The purpose of this report is to describe the use of an optimization technique to test the sensitivity of optimal pumpage to desired increases in surficial aquifer system heads at selected locations in the Cypress Creek well-field area of central Pasco County. The hydraulic response of the aquifer system was solved using an optimization algorithm (Halford, 1992) combined with MODFLOW (McDonald and Harbaugh, 1988) . The report includes brief descriptions of the Cypress Creek well field, the ground-water flow system, and ground-water flow and optimization models. The remainder of the report is a discussion of optimization modeling results. Descriptive information about the hydrogeology and the ground-water flow model is contained in reports by SDI Environmental Services, Inc. (SDI, 1997) and Yobbi (2000) .
Description of the Cypress Creek Well Field
The Cypress Creek well field is about 7 mi 2 in areal extent and is located in central Pasco County between U.S. Highway 41 to the west and Interstate 75 to the east ( fig. 1 ). The Cypress Creek well field is bisected by Cypress Creek, which flows southward through the center of the well field ( fig. 2 ). The creek is poorly defined as it meanders through a large, swampy area within the well field. Most of the well field lies within a natural, relatively undisturbed area, which is surrounded by agricultural and residential areas. About 70 percent of the well field is classified as a wetland or lake (Perry, 1987) , because the water table is at or above the land surface for part of the year; the remaining area is dry uplands that gently slope to Cypress Creek. Several wetlands in the Cypress Creek well field are augmented with ground water to protect the native flora and fauna.
Ground-Water Flow System
The ground-water flow system in the area is a multilayered system consisting of a thick sequence of carbonate rocks overlain by clastic deposits ( fig. 3) , and is described in detail by Ryder (1978) . The deposits and carbonate rocks are subdivided into a hydrogeologic framework that forms a sequence of two aquifers and one confining unit. This framework includes the unconfined surficial aquifer system and the confined Floridan aquifer sys- this recharge is returned to the surficial deposits within the area as upward leakage, and most of the remainder leaves the area as it flows downgradient within the Upper Floridan aquifer.
About 30 million gallons of ground water is pumped daily from 13 production wells in the Cypress Creek well field ( fig. 2 ). All the wells are completed in the Upper Floridan aquifer with depths ranging from about 500 to 700 ft. The major production zone is from two cavernous zones of a dolomitic section of the Avon Park Formation, approximately 400 to 500 ft below sea level (Ryder, 1978) . Many surficial aquifer system and Upper Floridan aquifer monitor wells have been constructed to monitor ground-water levels in and around the well field.
Ground-water flow was simulated using the USGS modeling software code MODFLOW (McDonald and Harbaugh, 1988) . Optimization modeling is performed by linking the flow model code with an optimization routine (Halford, 1992) . The combined ground-water flow code and optimization code is called MODOPTIM. The optimization routine determines the pumping rates that are passed in each call to MODFLOW and progresses toward a pumping solution by comparing heads determined by MODFLOW from one call to the next. MOD-FLOW is called repeatedly by the optimization routine until an optimal pumpage scheme is determined that maximizes the objective function.
DESCRIPTION OF MODELS

Ground-Water Flow Model
No optimization model can be developed without first having a calibrated ground-water flow model. The CNTB area hydrologic model developed by SDI (1997) and modified by Yobbi (2000) Rivers are simulated as river cells in layer 1 and, in those locations in model layer 2 where rivers are probably in direct hydraulic connection with the Upper Floridan aquifer. Wetlands are modeled as river cells in layer 1. Springs are represented by a head-dependent drain function, and discharge is linearly related to head differences between the spring pool and the potentiometric surface in layer 2.
Several boundary conditions are used to define the lateral extent of the simulated ground-water flow system. Based on regional groundwater flow, most of the lateral extent in layer 1 is a no-flow boundary coinciding with flow lines. Conditions coinciding with the coastline of the Gulf of Mexico and Tampa Bay are represented in the model as specified heads. In layer 2, the southeastern and most of the northern boundaries are no-flow bound-aries representing flow lines in the Upper Floridan aquifer. Part of the northern boundary is represented by a general head boundary in layer 2 simulating flow out of the model. The extreme eastern edge of the model is represented as a specified head boundary. The coastline is represented as a no-flow boundary. Recharge to the ground-water flow system averages 9.6 in/yr. Part of the recharge (2.0 in/yr) contributes to additional evapotranspiration (ET) and surface runoff. Simulated net leakage between the surficial aquifer system and the Upper Floridan aquifer was 6.8 in/yr downward, which represented 50 percent of the total flows in the surficial aquifer system. Hydraulic conductivity values for the surficial aquifer system (layer 1) range from 0.1 to15 ft/d and transmissivity values for the Upper Floridan aquifer (layer 2) range from 10,000 to 500,000 ft 2 /d. Leakance values for the intermediate confining unit range from 3.5 x 10 -1 to 1.0 x 10 -6 (ft/d)/ft with the higher value applied in areas where the confining unit is absent. A detailed description of model input parameters and calibration results are presented in SDI (1997) and Yobbi (2000) .
Optimization Model
The optimization model constructed for this study combines the CNTB ground-water flow model (Yobbi, 2000) with an optimization algorithm (Halford, 1992) . The method minimizes the sum-ofsquares residuals (SS) between simulated and desired heads and is based on a modified Gauss-Newton method (Gill and others, 1981) . This method was selected over other optimization methods (such as linear programming) because it does not require a feasible solution to maximize the objective function. This approach is particularly suitable for solution of the management problems formulated in this study because the optima can lie in the infeasible region. The SS is defined as:
( 1) where h js is the j th simulated head, in feet; h jm is the j th target recovery head, in feet; w i is the weighting factor; and n is the number of head comparisons.
The optimization procedure uses several gradient-search minimization algorithms, which assume that the objective function defines a smooth continuous surface. The parameter change vector is solved using a quasi-Newton algorithm (Gill = and others, 1981) . If the secondorder information fails or there is no prior parameter change information, then a variant of the Levenberg-Marquardt algorithm (Marquardt, 1963) is used. The optimization algorithms start with an initial pumping rate and converge to a local optimum. The magnitude and direction of change is based on minimization of the objective function (eq. 1), which is the smallest set of differences between the simulated and desired heads. The first step in the optimization process is to perform one execution of the model to establish the initial differences (residuals) between simulated and desired heads. The residuals are squared and summed to produce the SS objective function, which is used by the optimization program to measure model fit to the desired heads. In the next step, the sensitivity coefficients (derivatives of simulated water-level change with respect to parameter change) are calculated by the influence coefficient method (Yeh, 1986) , using the initial model results. After the residuals and the sensitivities are calculated, a single pumping-estimation iteration is performed. The model is updated to reflect the latest pumping estimates and a new set of residuals are calculated. The entire process of changing pumpage in the model, calculating new residuals, and computing a new value for pumpage is continued iteratively until the SS is reduced to a specified level, or until a specified number of iterations is made (Halford, 1992) . The major steps performed during each optimization iteration are summarized in figure 6 .
An advantage of this optimization technique is the applicability for solving ground-water model calibration and ground-water management problems. Implementation of the method is straightforward and the computer code used for this application can be employed with data and operational requirements used for parameter estimation. Another advantage of this method is that model execution, input prepara- tion, and output can be integrated into a spreadsheet and users can quickly set up and graphically compare simulation results. Most importantly, this method provides an alternate tool that the knowledgeable hydrologist can employ to better evaluate the ground-water resources. The principal disadvantage of this optimization technique is that constraints are simply "targets" for the optimization model to shoot for and not "hard limits" as defined by other optimization methods, such as a linear programming. Thus, constraints can be violated. This is likely to happen when the objective function is poorly defined or when solution of the management problem is infeasible, such as with the present management application. This shortcoming can be addressed by removing those cells with large violations from the analysis or by increasing the weight given to that component of the least-squares objective to decrease the magnitude of the violation.
The management objective for this study is to maximize pumpage (Z) from the 13 production wells in the Cypress Creek well field such that the SS between simulated and desired recovery heads at selected control sites within and adjacent to the well field are minimized. Equal weights were applied to each site, which eliminates the subjectivity of finding the proper value of weight to preferentially minimize head deviations at one control site versus head deviations at another control site. Weights are generally used to adjust the relative sensitivity of the optimization routine; however, the optimization problem becomes difficult to solve if a proper value of weight is not selected.
The decision variable (variables to be determined as part of the optimization solution) provides the withdrawal quantities and are either the lumped or individual pumpage rates that represent the total pumpage from wells within the well field.
The optimization model is subject to an inbuilt upper bound on hydraulic heads. This bound represents ground surface. The mathematical representation of the management objective is: (2) where Qij is the ground-water pumpage at site i during time period j, m is the total number of pumping sites; and n is the total number of time periods.
The optimization model of the Cypress Creek well field and adjacent areas in central Pasco County was assigned calibrated parameter values (SDI, 1997) and given initial and boundary conditions (Yobbi, 2000) . Initial conditions were the average annual hydrologic conditions for the 1987 calendar year. The 1987 hydrologic conditions were considered suitable for several reasons.
1. The frequency of data collection was sufficient for calculation of representative annual averaged conditions.
2. Measured annual precipitation in 1987 was similar to the longterm average annual value.
3. The small net change in water levels measured in wells indicates that the change in storage in the aquifer systems was small during 1987, reflecting equilibrium conditions of the aquifer.
The optimization model was used in a series of simulations to test the sensitivity of optimal pumpage to the number of head control locations (4 to 462 sites) and desired recovery heads (1 to 5 ft) in the Cypress Creek well field. Five scenarios (or cases) were formulated and pumping solutions for steady-state and transient conditions were simulated. The model was used to simulate steady-state ground-water flow for constant pumping solutions sustainable for an infinite length of time. Transient ground-water flow was simulated for short-term pumping solutions for a 6-month management timeframe. The following model applications were formulated.
• Case A-Four head control cells corresponding to TMR-1, TMR-2, TMR-4, and TB-22 surficial aquifer monitor well locations are used in this model application ( fig. 7) . These monitor wells are a subset of control points that are currently used by the OROP for the Cypress Creek well field. The monitor wells are located north, south, and west of the production wells.
• Case B-Thirteen head control cells corresponding to production well locations are used in this model application ( fig. 7 ). These cells serve as a head control and pumping site.
• Case C-Eighty-seven head control cells corresponding to the area containing the 2-ft steadystate cone of depression pumping
APPLICATION OF THE OPTIMIZATION MODEL
center are used in this model application ( fig. 7) . Case C considers the area most sensitive to well-field pumpage.
• Case D-Four hundred and sixty-two head control cells corresponding to areas within and adjacent to the well field are used in this simulation ( fig. 7) . Case D illustrates the sensitivity of the pumping solution for the entire well field.
• Case E-Six separate simulations are used in this model application. Each simulation is formulated to include only head control cells contained within its respective confining unit leakance zone. Therefore, the number of head control cells differs for each simulation because the number of model cells in each leakance zone is different ( fig. 7) . Case E illustrates the sensitivity of the pumping solution to changes in the desired target recovery head for separate leakance zone areas of the well field.
Steady-State Formulation
The management objective for these simulations was to maximize pumpage from the 13 production wells while minimizing deviations from the desired target recovery heads under equilibrium conditions. Results of the optimization simulations are given in table 1 and presented in the form of curves relating steady-state head recovery to optimal pumpage in figure 8. Four curves, one for management Cases A, B, C, and D, are shown in figure 8A and six curves corresponding to individual confiningunit leakance zones (Case E) are shown in figure 8B . In these figures, the pumpage values represent the average optimal pumping solution for the 13 production wells, and the head recovery represents the average optimal head recovery that was simulated at the specified locations. Several aspects of the curves are apparent. unit decrease in pumpage is greater for areas of the well field where permeability of the confining unit is higher than other areas of the well field where permeability of the confining unit is lower. The highest amount of withdrawn water and the highest head recovery are simulated for the two cases (Cases B and C) with head control sites located in cells near the production wells and within the pumping center cone of depression. This suggests that a pumping advantage could be gained by maximizing hydraulic heads in cells near the production wells. The head recovery per unit decrease in optimal pumpage is more than twice as much for A pumping advantage also could be gained by maximizing hydraulic heads in cells where permeability of the confining unit is higher. For example, the rate of head recovery per unit decrease in pumpage is more than triple for the highest leakance zone (zone 6, fig. 7 ) than for other leakance zones (zones 1-5, fig. 7 ) of the well field. For 1 ft of average head recovery at head control sites in leakance zone 6, optimal steady-state pumpage decreased from 30 Mgal/d to about 25 Mgal/d. For 1 ft of average head recovery at head control sites in zones 1-6, optimal steady-state pumpage decreased from 30 to less than 15 Mgal/d.
The areal distribution of head recovery for the 5-ft target level using the 462 head control cells (Case D) is illustrated in figure 9 . From a management perspective, it is unrealistic to control pumping using this large number of head control sites; however, simulation of this optimization problem is helpful in identifying areas of the Cypress Creek well field where maximizing hydraulic heads would most likely or least likely affect pumping solutions. Areas not meeting the 5-ft recovery target are of particular interest in figure 9 . The western part of the well field and most areas outside of the well field are significantly below the 5-ft target head recovery. Several reasons for this simulation result are: (1) the selected head control sites are near the periphery of the steady state pumping cone of depression, (2) the initial steady-state heads are close to ground surface preventing the simulated head from changing substantially for different desired recovery heads, and (3) most of this area is represented in the ground-water flow model as either a river or drain boundary cell, which influences the upper part of the simulated flow system. A pumping advantage probably would not be gained by maximizing hydraulic heads within these areas of the well field. In contrast, a pumping advantage could be gained by maximizing hydraulic heads in areas of the well field meeting the 4-to 5-ft recovery target ( fig. 9) . Cells with head recoveries of 4 ft or more primarily correspond to the northern production well area where the pumping influence is greatest, confining-unit leakance is highest, and surficial aquifer system heads are substantially below land surface.
The distribution of optimal pumpage for individual production wells was significantly affected by the location of head control sites formulated in the optimization problem. The sensitivity of the pumping solution to individual production wells can be determined from graphical analysis such as presented in figure 10 , which shows the distribution of optimal pumping among the 13 production wells for simulation of the 2-ft target recovery head under steady-state conditions. Similar pumping patterns were observed for the 1-, 3-, 4-, and 5-ft target recovery head simulations. As shown in figure 10 , the distribution of optimal pumpage for Case A is quite different from the others. For Case A, most of the pumpage is focused in the northern portion of the well field close to head control sites TMR-1 and TMR-2, using production wells 3-5 and 11-13. In contrast, optimal pumpage for Cases B and C is more broadly distributed with wells 1, 12, and 13 at the periphery of the well field pumping the least amount of water.
The optimal steady-state heads for control sites used in formulations of Case A (TBW control sites) and Case B (control sites at production well sites) compared to optimal pumpage are presented in figures 11 and 12, respectively. The graphs were generated using simulation results for target recovery heads of 1 to 5 ft above the initial heads. The graphs can serve as approximate estimates of the required optimal pumpage to meet optimal steadystate heads in the cell containing the head control sites. Heads increase with a decrease in pumpage for all locations. The small recovery in optimal head simulated for sites TMR-4 and TB-22 is of particular interest. The reason for the small change in head is due primarily to initial steady-state heads that are near land surface, thus preventing the simulated head from changing substantially for different desired recovery heads. The sites also are located in cells that are near the periphery of the pumping influence, which also limits the head recovery. Flattening of the line for production well 7 cell ( fig. 12 ) indicates that heads are constrained by land surface.
Transient Formulation
The test period was chosen specifically to investigate the effects on the aquifer system that could be expected within a short period of time (180 days) with no recharge. Simulation of this management problem is useful in demonstrating the temporal performance of the optimization model and providing a comparison with the steady-state solution. Three of the five management formulations of the optimization problem (Cases A, B, and C) were evaluated. The objective function maximizes ground-water mining (withdrawal of more water than is recharged for a period of time), subject to desired target recovery heads. The optimization model was designed to maximize head recovery within a 6-month management timeframe and was divided into six time periods, each of 30 days (30, 60, 90, 120, 150 , and 180 days total elapsed time). The analysis was done in two steps. First, the 1987 hydraulic head distribution was used as the initial conditions and run for 180 days with no recharge. The simulated hydraulic-head distribution at each of the six time periods was used as the basis for assigning the desired recovery target heads at head control sites. Second, 30-day pumping rates were determined by specifying recovery heads of 1 to 5 ft at selected cells with a linear rate of recovery at respective time periods. These target recovery heads were specified based on the simulated response of the aquifer system using the 180-day transient simulation (step one).
Pumping solutions at respective time periods considering a linear rate of recovery for Case A (TBW control sites), Case B (control sites at production well cells), and Case C (control sites within pumping center cells) are given in table 2 and graphically shown in figures 13 and 14, which relate average optimal head recovery at specified time periods to total optimal pumpage. The transient rate of pumpage for the planning period decreases when the target head recovery is raised ( fig. 13) . As with the steady-state results, formulating head control sites at or near production well cells (Cases B and C) in the optimization problem provide the highest rate of withdrawn water and the highest average optimal head recovery. Optimal pumpage averages about 23.7 Mgal/d for Case B, about 22.5 Mgal/d for Case C, and about 19.6 Mgal/d for Case A. The change in head per unit decrease in pumpage is more than triple for Cases B and C than for Case A. A ratio of about 3 Mgal/d reduction of optimal pumpage per foot of recovery is calculated for Cases B and C, while a ratio of 9 Mgal/d reduction of optimal pumpage per foot of recovery is simulated for Case A. Results also indicate that the decrease in optimal pumpage is rather significant for higher target recovery heads than at lower target recovery heads. For example, the pumping solution at 180 days for Case A for the 1-ft recovery is 25.1 Mgal/d whereas the pumping solution at 180 days for the 5-ft target recovery head is 4.6 Mgal/d.
The temporal distributions of head at TMR-1 and TMR-2 control sites for simulation of the 3-ft target recovery head are presented in figure 15 . The target recovery heads and the "unmanaged" simulated heads at the two sites also are included in this figure for comparison with "optimized" heads. The head deviation between the optimized heads and the desired target recovery heads is of particular interest. For well TMR-1, the optimized head at the end of 180 days is about 0.5 ft higher than the target recovery head and about 0.2 ft lower than the target recovery head for the cell containing observation well TMR-2. For most head control cells, the recovery head corresponding to optimal pumpage at the respective time period deviated somewhat from the target recovery head at the respective time period. This is a shortcoming of the optimization technique used in the study because head violations are allowed. Overall, pumping solutions were constrained by the limiting recovery values, initial head conditions, and by upper boundary conditions of the ground-water flow model. 
Limitations
This optimization model is designed not as a predictive tool, but as an interpretative one. The model applications are intended to provide insight about maximizing hydraulic heads and pumpage in the Cypress Creek well field given the proposed management formulations. However, the optimization method used in this study is not without limitations.
(1) Practical uncertainties in the simulation (arising from model parameter uncertainties) and optimization (arising from the algorithms) components of the technique make it impossible to guarantee that the unique optimum solution will be found (if one exists). (2) The technique does not insure feasibility. As indicated earlier, recovery heads used in this model application are simply "targets" for the optimization model to shoot for and not "hard limits" as are defined in a linear programming model. As such, target recovery heads in this model can be violated. (3) Results of this optimization model are not unique, and different pumping solutions could be obtained with other optimization methods and different formulations of the optimization problem. Regardless of these limitations, the results presented here indicate that the technique is a useful alternative method for evaluating a variety of management alternatives for maximizing ground-water levels and pumpage in the Cypress Creek well field.
The Tampa Bay area relies heavily on ground water for water supply. Numerous wetlands and lakes have been impacted in Pasco County, in particular, within the Cypress Creek well field in central Pasco County. An optimization model developed by Tampa Bay Water is being used to assist in the management of ground-water resources in the area. The optimization model relies on surficial aquifer wells to monitor hydrologic stress and to provide managed heads for the optimization model. Plans have been made to develop alternate sources for water supply so that pumpage from the well fields can be cut to 90 Mgal/d by the year 2007. Identification of optimal pumping solutions will provide better management of ground-water resources.
The ground-water flow system in the Cypress Creek well-field area consists of an unconsolidated surficial aquifer system, an intermediate confining unit, and a carbonate rock comprising the Upper Floridan aquifer. The thickness and leakance characteristics of the clay beds in the lower part of the surficial aquifer system are the principle controls on the vertical movement of water.
An optimization technique was used to test the sensitivity of optimal pumpage to increases in surficial aquifer system heads at selected locations in the Cypress Creek well field. The ground-water system was simulated using the USGS model MOD-FLOW and linked to an optimization routine. The ground-water flow model is based on data and information presented by SDI Environmental Services, Inc., and the USGS. Five management cases, which involved different head control sites, were evaluated using the optimization technique. The management objective was to maximize total pumpage in the Cypress Creek well field such that the sum-of-squares differences between simulated and target recovery heads at selected sites are minimized.
Pumping solutions for selected management cases were determined for 1987 steady-state conditions and for a 6-month management timeframe. Results of the optimization simulations are presented in the form of curves relating average head recovery to total optimal pumpage. Pumping solutions are sensitive to the location of head control sites formulated in the optimization problem and as expected, total optimal pumpage decreased as optimal recovery head increased. Results suggest that a pumping advantage could be gained when hydraulic heads are maximized in cells near the production wells, in cells within the steady-state pumping center cone of depression, and in cells within the area of the well field where confining unit leakance is the highest. More water was pumped and the ratio of average head recovery per unit decease in withdrawn water was more than twice as much for test cases where hydraulic heads are maximized in cells located at or near the production wells. Additionally, the ratio of average head recovery per unit decrease in withdrawn water is about three times greater for the area where the confining unit leakance is the highest than for other areas of the well field. For most cells, recovery heads corresponding to pumping solutions are less than the maximum specified. This is a shortcoming of the optimization algorithms used in this study because head violations are allowed. Recovery heads are simply "targets" for the optimization model to shoot for and not "hard limits" as are defined in constrained linear programming techniques.
SUMMARY
